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Abstract 
This study concerns on trapped Rossby waves and local Rossby wave packets in zonal basic fl.ows with two 
or more prominent extreme values (so called multiple-jet fl.ows). For simplicity, most of the calculations 
are performed on the !-plane, but an extension to the ß-plane is also discussed. Under the assumption 
that the basic fiow is a solution to a special type of second order ordinary differential equation, we show 
that then the amplitudes of stationary trapped Rossby waves are solutions to an equation of the same 
type. We investigate the occurrence of trapped modal waves as well as the rays of wave action radiation 
in a particular multiple-jet fl.ow. Further we consider the development ofthe local wavenumbers of Rossby 
wave packets in such a fl.ow, with and without a zonally oriented refl.ective boundary. lt is found that 
wave action can propagate in the zonal direction only when the boundary is present. Otherwise the rays 
of wave action radiation form a closed curve. 
Zusammenfassung 
Diese Studie beschäftigt sich mit gefangenen Rossby Wellen und lokalen gefangenen Rossbywellenpaketen 
in einer zonalen Strömung mit zwei oder mehreren ausgeprägten Extrema (sog. Strömungen mit mehrfachen 
Jets). Der Einfachheit halber werden die meisten Berechnungen auf der !-Ebene angestellt, eine Er-
weiterung auf die ß-Ebene wird allerdings auch diskutiert. Wenn man annimmt, dass der Grundstrom die 
Lösung einer bestimmten gewöhnlichen Differentialgleichung zweiter Ordnung ist, kann man zeigen, dass 
die Amplituden gefangener Wellen Lösungen des gleichen Gleichungstypes sind. Wir betrachten die Be-
dingungen für das Aufteren gefangener modaler Wellen, als auch die Pfade der Wellenenergie-Abstahlung 
in einer bestimmten Mehrfach-Jet-Strömung. Ferner untersuchen wir die Entwicklung der lokalen Wellen-
zahlen von Wellenpaketen in einer solchen Strömung, mit und ohne eines zonal orientierten reflektierenden 
Randes. Wir finden, dass sich Wellenenergie auf der !-Ebene nur dann in zonaler Richtung ausbreiten 
kann, falls eine solcher Rand vorhanden ist. Anderenfalls ergeben die Strahlen der Wellenenergie Ausbre-
itung eine geschlossene Kurve. 
1 Introduction 
Large-scale fiows with different distinct flow speed maxima and minima are called multiple-
jet ftows. Such flows are an ubiquitous phenomenon in geophysical fluid systems. They 
can be observed in the earth's atmosphere (e.g. Karoly 1983), the tropical oceans (Chang 
and Philander 1989), the Antarctic Circumpolar Current (Sinha and Richards 1999), but 
also in the atmosphere of the gas giant planets Jupiter and Saturn (Limaye 1986; Ingersoll 
1990; Nezlin and Snezhkin 1993). 
In general, it is not obvious which mechanisms ultimately lead to such flows (Williams 
1978; Condie and Rhines 1994; Sinha and Richards 1999). However, here we consider some 
particular simple multiple-jet flows which allow for analytical solutions of trapped Rossby 
waves and wave packets. 
As pointed out by Volland (1988), the global atmosphere from ground to the exo-
sphere can be seen as a huge waveguide in which planetary waves of various periods 
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can be excited. However, this is a rather global point of view and we have in mind also 
synoptic-scale features in particular regions of the atmosphere or the oceans. Ttapped 
modal large-scale waves have been considered in numerous papers, starting from the work 
of Longuet-Higgins (1968) who investigated tidal waves, Rossby waves, Rossby-Haurwitz 
waves, Kelvin waves and Yanai waves on the sphere. The earlier works assumed a stagnant 
atmosphere, i.e. without an basic fiow, and neglected the infiuence of shear in the fiow on 
the wave propagation. More recently, the effect of different basic fiows on trapped modal 
waves have been considered, on simple geometries like the ß-plane ( e.g. Harlander et al. 
1999) as well as on the sphere (e.g. Zimmermann 1990). 
Less investigated than trapped modal waves are trapped local wavepackets, propagat-
ing in shear fiows between turning latitudes, refiecting boundaries or even between critical 
lines (cf. Hoskins and Karoly 1981; Karoly 1983; Campbell 1998; Harlander et a. 1999). 
Here we focus on the propagation of both wave types, modal and local disturbances in 
barotropic zonal multiple-jet fiows. 
We show that on the f-plane, the problem can be solved almost completely by analyt-
ical methods for stationary waves. The basic fiows as well as the trapped modal waves are 
solutions of the Schrödinger equation for a simple harmonic oscillator. In more general 
cases (i.e. on the ß-plane with c =/=- 0) numerical and analytical techniques must be ap-
plied complementary, i.e. the basic fiows have to be computed numerically but the trapped 
waves can still be found analytically. 
The paper is organized as follows. In section 2 we describe the model used and further-
more some theory behind trapped Rossby waves. Subsequently, in section 3, we discuss 
solutions to the problem formulated in section 2. For simplicity, most calculations are done 
on the f-plane, but an extension to the ß-plane is also discussed briefiy. Section 4 summer-
izes the main findings and gives a brief discussion of the results. In the Appendix we show 
the connection between Hermite Polynomials and Confiuent Hypergeometric Functions. 
2 The barotropic quasi-geostrophic vorticity equa-
tion 
Assuming a (geostrophic) zonally symmetric basic fiow Ü that depends only on the y-
coordinate, the linearized ( dimensionless) quasi-geostrophic potential vorticity equation 
on the ß-plane for the perturbation streamfunction '1/Jo is written as 
with 
( 8 - 8 ) ( 2 ) 8'1/Jo ßt + U ßx \7 'l/Jo - F'l/Jo + B1 ßx = 0 , 





where 'lj;0 is the O(E~) streamfunction, ER= f~L is the Rossby number, ß = !;_ = 0(1), 
L ist the length scale, U the velocity scale, f 0 = 2D sin <1?0 and all the other symbols have 
their conventional meanings. Note that we have included in (1) the effects of an upper free 
surface ("Froude"-parameter F = f(;L 2/gD = 0(1), with D the vertical scale height). 
The equations (1) and (2) are of standard form (e.g. Pedlosky, 1987). 
In the following, we apply the WKB-method to (1) to compute the paths of Rossby 
wave packet propagation (for more details see Harlander and Metz 1998 or Harlander 
et al. 1999). To compute single modes of trapped waves we need to solve an eigenvalue 
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problem which is given by the amplitude equation of (1). This is described in more detail 
in section 2.2 (see also Schönfeldt 1999 or Harlander et al. 1999). 
2.1 Ray-tracing equations for propagating wave packets 
To compute rays of Rossby wave packets we need to restrict our discussion to the case 
where Ü and B1 vary in such a way that we may apply the WKB method ( described in 
many standard texts, e.g. Olver 1997) to the quasi-geostrophic potential vorticity equation 
(QGV). Following e.g. Yang (1991) the characteristic curves of wave propagation (i.e. the 
curves tangential to the vector field of the group velocity), called "rays" in wave theory, 
can be found. Using the operator ~ := rJr, + C9x a°x + C9y at, which defines the time 
derivatives along the characteristic curve, the equations describing the ray of propagation 
and the change of the local frequency and the local wavenumbers of a quasi-geostrophic 
Rossby wave packet can be written as 
with 
- k 
Uk- -Bi K2 
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where T =Et, X= Ex, Y = EY are "slow" variables with E = 0.1, K 2 = k2 + l2 +Fand 
er, k and l denote the local frequency and the local wavenumbers in zonal and meridional 
direction, respectively. 
Here we consider bounded and unbounded zonal flows. If Rossby wave packets are 
reflected at an east-west oriented boundary it can be shown that the zonal wavenumber 
is conserved, but the meridional wavenumber reverses its sign. This implies the following 
conditions for the wavenumber and group velocity changes at the boundary: 
kr k· i ' (10) 
lr -li (11) 
C9xr CgXi (12) 
CgYr -CgYi (13) 
Here, "reflection" and "incidence" is indicated by "r" and "i", respectively. 
2.2 The amplitude equation for trapped modal waves 
Let us use '110 = '1t(y) expi(kx - CJt) to transform (1) to 
d2'1t A 
dy2 - q(y)w = o, 
where 
( ) ( )
2 kB1 2 
q y := -l y = (J _ U(y)k + k + F. 
Here l (y) is the meridional wavenumber and k is the zonal wavenumber. 
N ow we assume that a basic fiow exists such that 






As boundary conditions we use either Ü = const. at y = ±oo ( we call this unbounded 
basic fl.ow) or Ü = 0 at y = 0 and Ü = const. at y = oo (southern bounded basic fiow) or 
Ü = 0 at y = 0 and Ü = const. at y = -oo (northern bounded basic fiow). Here c is the 
constant phase speed, 'Y and a are constants. Then (14) reads 
(17) 
Using the transformation 
P y where b = rv-0·25 =z;, I (18) 
we find 
2 A 
d '11 2 A 
dp2 + (µ - p )'11 = 0, (19) 
where µ = (a-7~~;F)_ This is a form of the Schrödinger equation for a simple harmonic 
oscillator. In a meteorological context this equation occurrs when barotropic equatorial 
waves in a stagnant medium (Ü, V= 0, 0) on the ß-plane are considered (Matsuno 1966). 
Having trapped waves in mind we use the the following boundary conditions: 
'1t = 0 for y = ±oo. (20) 
If a rigid boundary is present at y = YB then we consider either the half-plane north or 
south of y = 0 and assume 
0 for y = +oo and '11 = 0 at y =YB, or 
0 for y = -oo and '1t = 0 at y =YB· 
(21) 
(22) 
The solutions can be written in form of Hermite Polynomials, however, we prefer to use 
the more general Confiuent Hypergeometric Functions (see Appendix). 









The Confluent Hypergeometric Function is given as 
F ( b ) 
~ (a)n n 
1 1 a, , z = ~ r-(b) z , 
n=O n. n 
where we used the Pochhammer symbol defined by 
(25) 
(a) 0 = 1, (a)n = a(a + l)(a + 2) · · · (a + n - 1), n = 1, 2, 3, · · ·. (26) 
To avoid that that ~ diverge for large J y J we must require that series on the right 
hand side of (25) terminate. This means that in (24) either 0.25(1-µ) is a negative integer 
and B = 0, or that 0.25(3 - µ) is a negative integer and A = 0. 
In the following section we briefly describe the properties of critical lines and turning 
latitudes. 
2.3 Critical lines and turning latitudes 
From (3) the total wave number for a purely zonal and only y-dependent basic flow is 
given by 
K 2 k2 z2 B1 F u := + = U - a/k - · (27) 
Thus, Rossby wave propagation is possible only when the total wavenumber is real. A 
critical line is defined as a region where Ku or q(Y) tends to infinity, i.e. usually where 
a=Ük. 
Rossby wave packets are refracted towards higher values of Ku and a turning latitude 
is approached when l(Y) = q(Y) = 0, i.e. K; = k2 (cf. Hoskins and Ambrizzi 1993, Yang 
and Hoskins 1996). 
3 Results 
In this section we give some examples of trapped Rossby waves in particular multiple-jet 
flows. First of all we need to define a suitable basic flow for our purposes. 
3.1 Multiple-jet basic flows on the f-plane 
The basic flows used here must be solutions of (16). The situation becomes mathematically 
particular simple on a f-plane (ß = 0) with no surface elevation (F = 0). Therefore we 
use this further approximations to the quasi-geostrophic theory to find rather simple 
analytical solutions of trapped Rossby waves. However, with some effort, the concepts 
presented in the following can be extended to the ß-plane as well, but this will be shown 
later on. 
Rossby waves cannot exist if there is no background potential vorticity gradient. Usu-
ally this gradient is a result of large-scale topography, basic flow shear and the ß-effect. In 
our case, only the meridional shear is nonzero and therefore this shear alone is responsible 
for the occurrence of Rossby waves. 
If stationary Rossby waves on a f-plane together with F = 0 are considered, (16) 
reads Ü"(y)-("fy2 -a)Ü(y) = 0 with the boundary conditions given in section 2.2. Using 
(18), we find 
d2ü - 2 -
dp2 + (µ - p )U = 0, (28) 
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I mode n 1 a anti-symm. 1 a symm. 1 
0 2.121 0.707 
1 4.949 3.535 
2 7.778 6.363 
3 10.606 9.192 
Table 1: Eigenvalues a for different modes. Here we use 'Y = 0.5, ß = c = F = 0. 
I mode n 1 k anti-symm. I k symm. 1 
1 ~ 1 l.~Sl 1 ~:~~~ 1 
Table 2: Eigenvalues k for the possible trapped modal waves. Here we use 'Y 0.5, 
ß = c = F = 0 , n = 1, a = 4.949. 
where P, = 'Y~ 5 • This again is the Schrödinger equation for a simple harmonic oscillator 
and the solutions are (23) and (24). The principal difference between (19) and (28) is 
that, for a given ry, the second equation is an eigenvalue problem for a and the first one 
is an eigenvalue problem for the zonal wavenumber k. 
In Fig. 1 and 2 examples of possible anti-symmetric and symmetric basic fiow profiles 
for different modes n are shown. Note that the anti-symmetric (symmetric) basic fiow has 
2n+ 1 (2n) zeros for mode n. The corresponding a-eigenvalues for the different basic fiows 
shown are given in Tab. 1. 
3.2 Trapped modal stationary waves in a multiple-jet basic flow 
on the f-plane 
In this and the following sections we exemplary use the anti-symmetric basic fiow with 
n = 1 and a = 4.949. This is not a loss of generality and the subsequent analysis could 
of course have been done with one of the other possible basic fiows shown in the Figs. 1 
and 2. 
The solutions of (19) are given by (23) and (24). However, trapped waves exist only if 
the eigenvalue, i.e. the zonal wavenumber k, is real. The amplitudes ~(y) of all possible 
trapped waves are shown in Fig. 3. lt is obvious that only mode n = 0 and n = 1 
exist, for the symmetric as well as for the anti-symmetric wave type. In Tab. 2 the zonal 
wavenumbers of the trapped waves are shown. Figs. 4, 5, 6 and 7 show the corresponding 
two dimensional fiow field and the perturbation streamfunction for the anti-symmetric 
wave with n = 0 and n = 1 and for the symmetric wave, also for n = 0 and n = 1. For 
the constants A and Bin (24) we used values of 0.2 in the figures. 
The anti-symmetric trapped wave with mode n = 1 is special since the zonal wavenum-
ber is zero, i.e the resulting perturbation streamfunction field is zonal symmetric. 
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3.2.1 Trapped waves without boundaries 
If there are no boundaries in the zonal multiple-jet fiow, all the solutions shown in the 
Figs. 3 and 4, 5, 6, 7, respectively, satisfy the boundary conditions (20). 
3.2.2 Trapped waves with boundaries 
If a rigid boundary exists at y = YB = 0, then only the anti-symmetric solutions satisfy 
the boundary conditions (21). Therefore, in this case only the trapped waves shown in 
the Figs. 4 and 5 exist. 
3.3 Trapped stationary wave packets in a multiple-jet basic flow 
on the /-plane 
In this section we consider the propagation of local disturbances in form of single wave 
packets, i.e. a superposition of Fourier modes forming a wave with a spectrum showing 
a single peak (cf. Yang 1991). As in the previous section, we use for simplicity 'Y = 0.5, 
ß = c= F= 0. 
The stationary wavenumber for an anti-symmetric jet fiow with mode n = 1 (see Fig. 
1) is shown in Fig. 8. The stationary wavenumber in the situation considered is simply 
computed by Ks = ( -( 'YY2 - a) )0·5 . lt is obvious from the Figure that only long waves 
with zonal wavenumbers smaller than about 2.2 are trapped. Furthermore, there is also 
a long wave limit for trapped wavepackets. 
The meridional wavenumber l (y) is shown in Fig. 9 for a wave packet with zonal 
wavenumber 1. As the stationary wavenumber, l(y) can simply be computed from (15). 
We find l(y) = ±(-('Yy2 - a) - k) 0·5 . 
Finally we compute the wave packet path by integrating ( 4) and (5) numerically by a 
forth order Runge-Kutta-scheme. We assume here a fiow without boundaries, otherwise 
(10) to (13) have tobe applied (cf. Harlander et al. 1999). The ray ofwave action radiation 
shown in Fig. 10 is rather bizarre. At the lines where Ü(y) = 0 the meridional wavenumber 
l(y) needs to change sign, otherwise such lines would be critical lines. This means that l(y) 
is a non-continuous function of y and that the ray path is continuous but not differentiable. 
However, it appears tobe difficult to compute the correct ray paths numerically close to 
such lines; further investigations are necessary. lt should be mentioned that lines where 
Ü(y) = 0 are no critical lines since there also Ü"(y) = O; thus q(y) defined by (15) remains 
finite. 
lt is clear from Fig. 10 that wave packets in such a fiow are trapped not only in 
the meridional but also in the zonal direction since the ray path forms a closed curve. 
However, the situation changes if a refiective boundary would be placed at y = 0. Then, 
due to refiection, wave action would propagate towards the west north of the wall and 
towards the east south of the wall. 
3.4 Multiple-jet basic flows on the ß-plane 
Finally, we consider the more general problem of trapped stationary Rossby waves on the 
ß-plane. The only difference to the analysis performed so far is that now the eigenvalue 
problem (16) is more complicated since the differential equation which needs to be solved 
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a c 1 symmetry 1 boundary 1 U(±oo) 1 
7.004936220 0 yes unbound. 0 
8.644848507 0 yes unbound. 0 
3.72608 1 no south. bound. 1 
5.578205 1 no south. bound. 1 
4.384451 1 no north. bound. 1 
3.0691317 -1 yes unbound. -1 
8.952587830 -1 yes unbound. -1 
3.04861 -1 no south. bound. -1 
6.5794259 -1 no north. bound. -1 
Table 3: The first eigenvalues a for different phase speeds on the ß-plane. Here we use 
/ = 0.5, ß = 1 and F = 0. Note that no anti-symmetric unbounded flows can be found, 
that for c = 0 no bounded flows can be found and that for c = 1 no symmetric flows can 
be found. The eigenfunctions corresponding to the eigenvalues emphasized are shown. 
to find suitable basic flows is nonhomogeneous and reads 
(29) 
A general solution can be constructed in the following way (see e.g. Polyanin and Za-
itsev 1995): Let Ü1 = 1F1 (0.25 [1 - µ]; 0.5; p2 ) and Ü2 = p 1F1 (0.25 [3 - µ]; 1.5; p2 ) be 
the linearly-independent solutions of the corresponding homogeneous equation. Then the 
general solution is given by the formula 
(30) 
where W = Ü1 Ü~ - Ü2Ü{ is the Wronskian. Unfortunately, the integrals on the right-hand 
side of (30) do not exist in closed form and therefore analytical solutions of (29) are not 
available. 
There are two possibilities to solve the eigenvalue problem (29). The first one is to 
compute (30) for different µ to find the eigenvalues via the boundary conditions. We find 
that it is more efficient to solve (29) directly by the Runge-Kutta method using different 
µ. Again, the eigenvalues are determined by using the boundary conditions. However, 
both methods do not guarantee that all eigenvalues can be found. We used (30) to verify 
our found solutions for the problem on the ß-plane. Furthermore, we tested our numerical 
procedure by computing the eigenvalues of the f-plane situation, where the true solutions 
are known. 
In Tab. 3 we show the lowest eigenvalues a (µ = a1-t) for ß = 1, c = -1, 0, 1. Note 
that in contrast to the f-plane situation no unbounded anti-symmetric basic flows can 
be found. Furthermore, for c = 0 only symmetric flows can be found and for c = 1 only 
northern and southern bounded flows do exist. lt is also important to note that for c = 0 
the lowest eigenvalues are relatively large, i.e. the first symmetric modes of the f-plane case 
do not exist for ß = 1. The eigenfunctions corresponding to the eigenvalues emphasized in 
Tab. 3 are shown in Fig. 11. Two unbounded symmetric basic flows as well as two bounded 
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fiows are shown for different values of the phase velocity. When first the basic fiows are 
determined, the analysis of trapped modal waves is exactly the same as in the f-plane 
situation, described in the sections 3.2 and 3.3. However, the investigation of trapped 
modal waves for different jet-flows on the ß-plane will be presented in a forthcoming 
paper. 
4 Summary and conclusions 
Using a linear barotropic quasigeostrophic model, it is found that stationary trapped 
modal :waves and trapped wave packets exist in multiple-jet basic flows. We showed that 
on a f-plane fully analytical solutions to the problem can be found. Nevertheless, the 
results can readily be extended to the ß-plane also for non-stationary Rossby waves, 
then, however, suitable basic flows need tobe computed numerically. 
In the simplest case, the equation defining the basic flow as well as the equation for 
the amplitude of the trapped waves is equivalent to the equation of a one-dimensional 
harmonic oscillator. The equations define two eigenvalue problems. The solutions can be 
written in form of Confiuent Hypergeometric Functions or Hermite Polynomials and the 
eigenvalues of the amplitude equation are the zonal wavenumbers of the trapped waves. 
A specific feature of the basic flows computed is that the only critical lines ( defined 
as regions, where the meridional wavenumber becomes infinite) existing are situated at 
infinity, though multiple-jet basic fiows may have several zeros in the interval [-oo, +oo]. 
The reason for this is that when Ü(y) = 0, also Ü"(y) = 0 and therefore, even for 
stationary waves, the meridional wavenumber l (y) remains finite, except at ±oo. 
Using WKB-techniques, we also computed trapped Rossby wave packets in the flow. 
Rossby wave packets may cross such "pseudo critical lines" but the direction of energy 
propagation changes in a non-smooth way at these lines. 
We considered free propagating waves as well as waves in fiows bounded by a single 
rigid wall oriented in the zonal direction. In the second case, only anti-symmetric trapped 
modal wave solutions are consistent with the boundary condition of vanishing wave am-
plitude at the wall. Without any boundary, Rossby wave packets are trapped in zonal 
and meridional direction, i.e. the ray of propagation is a closed curve. On the other hand, 
when the reflective wall is applied, wave action may propagate in zonal direction along 
the boundary. 
In the study presented, no dispersion curves are computed, in contrast e.g. to Zim-
mermann 1990, Schönfeldt 1999 or Harlander et al. 1999. The reason for this is that due 
to our demand to find trapped waves analytically, the basic flows considered depend on 
the frequency. lt is not clear a priori if actually trapped modal waves with different phase 
speeds exist e.g. for the basic flows shown for c = 0 (Figs. 1, 2). However, this important 
point will be discussed elsewhere. 
APPENDIX 
We will briefiy show how to transform (19) to the Confiuent Hypergeometric Equation and 
further the connection between Hermite Polynomials and the Confluent Hypergeometric 
Functions. Details can be found e.g. in Seaborn (1991). 
Inserting ~(p) = f(p) expg(p) in (19) we find 
!" + 2g'J' + (µ- p2 + g'2 + g")f = 0. (31) 
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Since the factor in parentheses should be a constant, g = ±l/2p2 . We choose the negative 
sign, otherwise the solution would diverge for large p. Then we use s = p2 and obtain 
1 1 
sf"(s) + (2 - s)j'(s) - 4(1- µ)f(s) = 0. (32) 
This is the Confluent Hypergeometric Equation and the solutions are (24). 
The Hermite Polynomials can be defined as 
n!(-1)-~n n 1 
rn)! 1F1(-2; 2 ; p
2
) for even n (33) 
2n!(-1)~(1-n) n-1 3 
(~ )! p 1F1(--2-; 2; p
2
) for odd n. (34) 
They solve Hermite's equation 
H~(p) - 2pH~(p) + 2nHn(P) = 0. (35) 
The solutions to (19) can then be written as 
A 1 
w(p) = NnHn(P) exp(-2p2 ), (36) 
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Figurel: Examples of possible anti-symmetric multiple-jet basic fiows with n = 0, 1, 2, 3 
for 1 = 0.5, ß = c = F = 0. Note that Ü = 0 for y = ±oo and for y = 0. The basic fiow 
shown by the fat solid line is used to compute trapped modal waves on the f-plane. 
Figure 2: Examples of possible symmetric multiple-jet basic fiows with n = 0, 1, 2, 3 
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Figure 3: Amplitude W(y) of trapped, symmetric and anti-symmetric modal Rossby 
waves. 
Figure 4: Perturbation streamfunction and velocity field (perturbation plus basic flow) 





Figure 5: Perturbation streamfunction and velocity field (perturbation plus basic f:low) 
of the anti-symmetric trapped wave with mode n = 1 and zonal wavenumber k = 0. 
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Figure 6: Perturbation streamfunction and velocity field (perturbation plus basic f:low) 







Figure 7: Perturbation streamfunction and velocity field (perturbation plus basic flow) 





Figure 8: Stationary wavenumber for the anti-symmetric multiple-jet flow (n = 1) 










Figure 9: The two branches of the meridional wavenumber l as a function of y. Note 
that l changes sign when Ü = 0. 
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Figure 10: Ray path of a trapped Rossby wave packet with zonal wavenumber k = 1. 











Figure 11: Different possible multiple-jet basic flows for 1 = 0.5, ß = 1, F = 0 and 
c = O,a = 7.004936220 (fat solid line), c = 1, a = 3.72608 (fat dashed line), c = -1, 
a = 3.0691317 (thin solid line) and c = -1, a = 6.5794259 (thin dashed line). 
